The gap waveguide technology is a new technique used for designing and fabricating microwave components, ensuring a low-loss and easy fabrication process, especially at high frequencies, and allowing for the production of multilayer structures due to the lack of requirement of an electrical connection between the metal layers of the waveguide structure. This paper presents the design and areas of implementation of single-hole and multi-hole 20 dB Bethe couplers, using the groove gap waveguide (GGW) technology for Ku band. Simulation results show that the operating bandwidth of the proposed design is over 40% wider, and its isolation rate is more than 25 dB higher. By using the multi hole configuration, a bandwidth that is more than 59% wider and the isolation rate of over 30 dB may be obtained.
Introduction
Microwave components are currently designed using conventional metallic waveguides, microstrip lines, strip lines and SIW. Such technologies suffer from certain disadvantages that limit their application. Conventional waveguides offer the lowest loss rates and the highest power handling capabilities. However, the process of their fabrication is expensive challenging at high frequencies, due to the need to provide a fine electrical contact between metal plates. Microstrip and coplanar lines are a low-cost solution that is suitable for integrating active microwave components on a PCB, but they suffer from a high insertion loss rate at high-frequencies, and offer a low power handling capability. SIW structures are compact, planar and generate no undesired radiation, but they suffer from high dielectric and radiation losses at millimeter wave frequency ranges, due to the discrete nature of sidewalls which do not provide a perfect shielding [1] - [3] . The gap waveguide technology has recently gained in popularity due to its easy manufacturing combined with the lack of the requirement to ensure an electric contact between the metal plates, especially at millimeter-wave frequencies. The other advantages of the solution include the following: easy assembly (especially for multi-layer configurations) and low loss rates due to the lack of presence of a dielectric material in the propagation path, as well as no parasitic radiation and high-quality rates. So far, several microwave components based on the gap waveguide technology have been implemented, including various types of antennas [4] - [9] , power combiners [10] , diplexerpower dividers [11] and filters [12] , [13] . Four different types of gap waveguide structures include the following: ridge gap waveguide (RGW) [13] , groove gap waveguide (GGW) [14] , inverted microstrip gap waveguide [15] and microstrip-ridge gap waveguide [16] . The purpose of this work is to design a Bethe hole coupler using the groove gap waveguide technology. In Section 2, we discuss the GGW structure. The design and simulation results of single-hole and multi-hole Bethe couplers are presented in Sections 3 and 4, respectively. In Section 5, the performance of both couplers is compared. Finally, in Section 6, concluding remarks are presented.
Groove Gap Waveguide Structure
GGW technology is based on the propagation of waves in the gap between two parallel metallic surfaces providing a non-metal contact-guiding structure [14] . Depending on the geometry of the groove, it is possible to use vertical (GGW-VP) or horizontal (GGW-HP) polarizations [17] , as shown in Fig. 1 . GGW is equivalent to a conventional rectangular waveguide that supports TE modes. There is no need to ensure electric contact between the top and bottom plates of the waveguide, which makes it suitable for designing microwave circuits operating at high frequencies. In this paper the GGW-VP version of the design is examined, based on the concept and design guidelines originating from [14] .
Single-hole Bethe Coupler Design
The geometry of the proposed GGW Bethe hole coupler is shown in Fig. 2 . It includes two layers of GGW which are coupled together through one circular hole located in the broad wall. 3D and 2D views of the structure are depicted in Fig. 2a and in Fig. 2b -c, respectively. The initial r 0 value for the hole diameter and its position relative to the center line of GGW are calculated using the formulas from [18] for the coupling coefficient of −20 dB. According to [19] , zero thickness is considered for the coupling slot. Then, fine tuning is performed by full wave simulation of HFSS software to obtain optimum performance in terms of bandwidth, for the case in which the coupling slot has non-zero thickness. The impact of slot thickness on the coupling coefficient is investigated for three frequencies within the operating bandwidth, as shown in Fig. 3 . It can be observed that the coupling coefficient decreases as slot thickness increases.
To compensate for this effect, the slot radius can be increased in order to enhance the coupling coefficient. The maximum bandwidth for the coupling coefficient −20 dB could be obtained using different slot thicknesses and cor-responding slot radiuses, as shown in Fig. 4 . For a fixed coupling coefficient (−20 dB), as the slot thickness increases, a larger coupling slot is needed. However, the operating bandwidth decreases due to the increasing difficulty in matching impedance between upper and lower layers. Based on the results shown in Figs. 3 and 4 , the coupling slot thickness of 1 mm was selected to ensure maximum bandwidth. The calculated dimensions of the designed 20 dB coupler are listed in Table 1 .
The coupler design was then simulated using HFSS software, and the results are compared with those obtained means of CST software. The simulation results of the designed single-hole Bethe coupler are shown in Fig. 5 . S 11 is below −10 dB over the entire bandwidth (12-17 GHz), while S 12 is above −0.5 dB.
The coupling coefficient C is about −20 ±2 dB, and the isolation rate is better than −25 dB over the entire bandwidth. Table 2 summarizes the results. 
Multi-hole Coupler Design
The multi-hole technique is used to increase the directivity and bandwidth. To eliminate output power at port 4, the distances between the holes must be about λ g /4, where λ g is the guiding wavelength of the dominant TE 10 mode at the center frequency [18] . In Fig. 6 , the geometry of the designed four-hole Chebyshev coupler for Ku band is shown. Formulas from [18] were used to calculate the dimensions of the multi-hole coupler for the coupling coefficient of −20 dB,with the thickness of coupling slots being considered to equal zero. 3D and 2D views of the coupler design are shown in Fig. 6a and Fig. 6b , respectively. Similarly to the single-hole coupler, the effect that the thickness of slots has on the coupling coefficient are investigated at three frequencies within the operating bandwidth, and the same behavior as in the case of the single-hole coupler was observed. To achieve the desired coupling coefficient of −20 dB, the dimensions of the slots are fine-tuned: r 0 = 2.8 mm, r 1 = 3.1 mm, and S = 3.75 mm. The S parameters for the coupling slot thickness of 1-mm are shown in Fig. 7 and in Table 3 . S 11 is lower than −10 dB and S 12 is more than −0.3 dB over the majority of the frequency band, evidencing proper impedance matching, as well as a low loss rate. The coupling coefficient S 13 is almost −20 dB, which indicates 
Comparison of Single-hole and Multi-hole Couplers
The results shown in Figs. 5 and 7 confirm the improvement in the structure's performance in terms of insertion loss (S 12 ), return loss (S 11 ), bandwidth and isolation, with the said improvement originating from the increasing number of holes. In both cases the coupling coefficient is very near to the desired value of −20 dB, and it remains flat over the entire bandwidth. Figure 8 compares the performance of the designed single-and multi-hole couplers in terms of directivity, showing that the multi-hole version provides higher directivity. 
Conclusions
In this paper, two types of 20 dB Bethe couplers are designed and simulated using groove gap waveguide technology. Simulation results show desirable performance of both designed structures. The couplers are suitable for Ku band operation. However, it is observed that the multi-hole version shows better performance in terms of insertion loss, return loss, bandwidth and directivity.
